Auditory attention powerfully in£uences perception and modulates sound processing in auditory cortex, but the extent of attentional modulation in the subcortical auditory pathway remains poorly understood. We examined the e¡ects of intermodal attention using functional magnetic resonance imaging of the inferior colliculus and auditory cortex in a demanding intermodal selective attention task using a silent imaging paradigm designed to optimize inferior colliculus activations. Both the inferior colliculus and auditory cortex showed strong activations to sound, but attentional modulations were restricted to auditory cortex. NeuroReport 18:1311^1314
Introduction
Functional magnetic resonance imaging (fMRI) studies have shown that sound-evoked activations of human auditory cortex are strongly modulated by attention [1] [2] [3] [4] [5] . In these studies, auditory cortex activations during bimodal auditory-visual stimulus sequences are enhanced when participants discriminate sounds in comparison to conditions where the same sounds are delivered while participants discriminate visual stimuli. Attentional modulation is strongest in more lateral areas of the supratemporal cortex [3] , suggesting that the attention effects might index enhanced high-level feature processing and/or memory storage [3, 6] .
The auditory cortex receives its acoustic input from the ascending subcortical pathways that converge at the inferior colliculus in the midbrain and continue to the cortex via the medial geniculate body of the thalamus. In addition to the ascending pathway, dense corticofugal projections from primary and nonprimary auditory cortex target the thalamus, inferior colliculus, and other subcortical nuclei [7] . Although early studies demonstrating attention-related gating of auditory inputs at subcortical levels [8] have not been convincingly replicated, lesions of the inferior colliculus impair auditory attention [9, 10] , and stimulation of auditory cortex neurons can systematically alter the response patterns of subcortical neurons [11, 12] . This suggests that corticofugal projections may be capable of modulating subcortical auditory processing based on previous experience, expectancies or attention [12] . Although attentional modulation of the inferior colliculus has not been studied previously using fMRI, fMRI studies have shown reliable stimulus-related activations [13] [14] [15] [16] [17] and modulation of activation by the perceptual context in which stimuli appear consistent with corticofugal influences [15] .
We used fMRI to examine the effects of attention on inferior colliculus activation in humans. Our primary objective was to assess attention-related modulations of inferior colliculus by comparing activations during Attend Sounds and Attend Pictures conditions. Auditory and visual stimuli were presented throughout both attention conditions. A comparison of activations associated with Attend Pictures and a baseline condition with no stimuli served to quantify stimulus-dependent collicular activations. In addition, a comparison of cortical activations associated with Attend Sounds and Attend Pictures served to verify that the task manipulation produced detectable attentional modulation of the auditory cortex.
Methods

Participants
Nine participants (18-60 years old, mean¼28, median¼19, eight men) participated in the experiment, each in two equal functional imaging sessions on separate days. The participants were laboratory personnel (2) or paid young adults. The data of one participant were rejected from the analysis due to high error rate in the task. Informed written consent was obtained from each individual before the experiment. The study protocol was approved by the Veterans Affairs Institutional Review Board.
Stimulation
The sounds consisted of amplitude-modulated (sinusoidal AM at 35 Hz, 90% modulation depth) bursts of iterated rippled noise (IRN, Gaussian white noise that is iteratively delayed and added back to itself) using 16 iterations delayed by 10 ms each. The iteration process introduces temporal regularity (and a corresponding pitch of 100 Hz) while maintaining the broadband amplitude spectrum of the noise [13] . The sounds (600 ms in duration) consisted of three parts: a 100-ms segment in the middle of the sound was separated by 50-ms silent gaps from the initial and final segments. The duration of the initial segment varied from one sound to another between 100 and 300 ms (duration of the final segment was 300-100 ms, correspondingly). For 88% of sounds, the intensity of the middle segment was 10 dB higher than the initial and final segments. For 12% of sounds (deviants), middle segment intensity was reduced 2 dB below the initial and final segments. Sounds were presented at 85 dB sound pressure level with 900-1100 ms onset-to-onset intervals (uniform distribution) through electrostatic earbuds (Stax MRI-002, Stax Ltd, Saitama prefecture, Japan). Modified earmuffs (Howard Leight LM-77, Howard Leight Industries, San Diego, California, USA) were used to attenuate (by approximately 30 dB at 1000 Hz) ambient noise further.
Visual stimuli (duration 600 ms) consisted of purple filled circles (Red 191, Green 96, Blue 191) viewed through a mirror that was fixed to the head coil. The visual stimuli had the same temporal structure as the sounds: in the middle 100-ms segment the color of the circles changed to a brighter (R 241, G 121, B 242; 88%) or darker purple (R 140, G 70, B 140; 12%, deviant). Visual stimuli were presented at the same average rate as the sounds but the onsets of the auditory and visual stimuli were asynchronous (i.e. onset-to-onset intervals were selected from independent 900-1100 ms distributions).
The auditory and visual tasks were presented in a blocked sequence of 30 s in duration. Each block was followed by a 12-s baseline block with no auditory or visual stimuli. During the baseline block, participants were required to focus on a fixation cross and wait for the next task. The task was indicated by a letter A or V (Attend Auditory or Visual, respectively), which replaced the fixation cross 2 s before the start of the next block and was present (in the middle of the circles) until the end of the block. In the auditory and visual tasks, the participants were required to press a button when they detected a deviant sound or picture, respectively. The experiment was performed with Presentation software (Neurobehavioral Systems, Albany, California, USA). The experiment and stimuli can be downloaded at www.neuroexpt.com/ex_ files/expt_view?id¼169.
Functional magnetic resonance imaging
Imaging was performed with Philips Eclipse 1.5T scanner (formerly Marconi Medical Systems, Cleveland, Ohio, USA). To decrease the acoustic noise associated with imaging, a single imaging slice that produced a brief chirp (acquisition time 100 ms) was acquired with relatively long interimage interval (B4-5 s). Further, to minimize motion artifacts due to cardiac pulsations, the acquisition was gated by the cardiac cycle using the first pulse after a 4 s interval [17] . A single oblique coronal imaging volume (10 mm in thickness, TE¼40 ms, flip angle¼901, in-plane resolution 1.875 Â 1.875 mm, voxel matrix 128 Â 128, FOV 24 Â 24 cm) was oriented to include the inferior colliculus and auditory cortex (posterior Heschl's gyri) using anatomical landmarks from a high-resolution image acquired in the beginning of the session. Functional scanning lasted for 35 min resulting in approximately 450 functional volumes. At the end of the session, an anatomical T1-weighted image in the same plane as the functional scan but with denser in-plane resolution (voxel matrix 256 Â 256) was acquired for coregistration.
Primary data analysis was performed using FSL (release 3.3, www.fmrib.ox.ac.uk/fsl) [18] . First, the functional data were resampled to the voxel dimension (0.94 Â 0.94 mm) of the anatomical image to increase the functional activation location precision [19] . Data were high-pass filtered (cutoff 90
To reduce the effects of interimage variation on the signal magnitude (i.e. T1 effect) [17] , interimage interval was used as a covariate. Three contrasts were specified to create Z-statistic images testing for the stimulation effects (each attention block vs. baseline) and the auditory attention effect (Auditory Attention vs. Visual Attention).
For analysis across participants, all anatomical T1 images (one slice) were coregistered (two-dimensional rigid-body motion plus two 2 scalings) to that of one participant. The coregistration was manually corrected (by translating the coregistered images by a few voxels when needed) to assure maximal intersubject inferior colliculus overlap. Functional data were then realigned using the coregistration matrices of the anatomical images. In the group analyses (FMRIB's local analysis of mixed effects, N¼2*8), Z-statistic images were thresholded using clusters determined by Z42.6 and a (corrected) cluster significance threshold of P¼0.05 (using Gaussian random field theory).
A secondary analysis using a hemodynamic response function model-free repeated-measures analysis of variance [20] was performed to increase sensitivity to any variable attention-related modulations throughout the stimulus block and to perform power analyses. Three regions of interests (ROIs) were defined as shown in Fig. 1 . The AC 1 (mean MNI coordinates 41, À26, À3) and AC 2 (63, À33, À8) ROIs were squares (10 Â 10 voxels) centered on medial and lateral areas in the right hemisphere, which showed maximum activations in the Attend Pictures condition and maximum attention effect, respectively ( Fig. 1 top middle  and right) . The left and right inferior colliculus were combined into one ROI (squares of 4 Â 6 voxels centered on each colliculi). The activations associated with each 30-s stimulus block relative to the two adjacent silence conditions were divided into six 5-s bins (e.g. 2-7 s from block onset, 7-12 s, etc.). An omnibus F-statistic tested for any systematic differences in mean activation due to attentional modulation across the six bins. Participants were treated as random effects, and the original 6 degrees of freedom (number of bins) were reduced using the GreenhouseGeisser correction to account for interbin covariance across all brain voxels. Data were motion-corrected, coregistered, and averaged over each ROI, but not otherwise filtered.
Each image was also scaled to account for the linear portion of variability in global signal magnitudes caused by small variations in the preceding TR owing to cardiac triggering.
Results
The mean hit rates and reaction times (across all participants, tasks, and sessions) were 7074% (mean7SEM) and 702712 ms, respectively. Performance was less accurate and responses were slower in the auditory than in the visual task (hit rates: auditory, 6275; visual, 7773; paired t-test, t(15)¼2.7, Po0.05; reaction times: auditory, 900713 ms; visual, 504712 ms; paired t-test, t(15)¼34, Po0.001).
As compared with silent baseline, the sounds elicited distinct activations in the auditory cortex of both hemispheres (Fig. 1) . Under Auditory Attention conditions, this activation was more widespread and extended further laterally toward posterior/inferior areas of the superior temporal plane particularly in the right hemisphere. In the inferior colliculus, reliable sound-related activations were detected with signal magnitudes and Z-scores similar to those in the lateral auditory cortex. However, no attentionrelated modulations of collicular activations (Attend Auditory vs. Attend Visual) were detected even when low statistical thresholds were used (Z40.5, uncorrected).
The lack of systematic attentional modulations was also evident in the activation time courses of the individual ROIs (Fig. 1, bottom right) . Activation in the AC 2 ROI (Fig. 1 06%, F(3.15,42)¼2.3, NS] . Although the IC showed more signal variance than the larger cortical ROIs, power analysis using simulated attention effects showed that an enhancement of the magnitude seen in AC 2 would have been detected in the IC with a probability 450%.
Discussion
The primary finding of this study was a conspicuous lack of attention-related modulation of inferior colliculus activations despite clear sound-related activations and unequivocal attention effects in some regions of auditory cortex. This null result raises two methodological questions.
First, were the imaging and stimulation parameters sufficient to detect attention-related modulations in the inferior colliculus? This study was designed to yield strong and reliable collicular activations. Synchronization of image acquisition to the cardiac cycle minimized artifacts associated with pulsatile motion of brainstem structures [17] . Single-slice acquisition together with a relatively long interimage interval (B4-5 s) reduced the scanner noise to a short (E100 ms) chirp every 4.5 s minimizing distraction, acoustic masking of the stimulus, and activations produced by the scanner noise itself. Note that the imaging rate was considerably faster than in typical 'silent' or 'sparse' imaging paradigms. Five to six samples were obtained at varying time points during each presentation of the 30-s blocks (cardiac gated scanning was not time-locked to the stimulus presentation). With this imaging paradigm, we obtained distinct and reliable collicular activations in response to presentation of sounds, and would have detected attention-related modulations had they been similar in magnitude to those seen in lateral auditory cortex. Further, a companion study using nearly identical stimulus and imaging parameters (and the same participants) reliably detected modulation of colliculus activation by ear of presentation. Second, did the task effectively engage auditory attention? The behavioral results indicate that participants achieved acceptable but nonceiling performance on both auditory and visual tasks. Thus, the task manipulation was effective in directing participants' attention either to the auditory or visual modality and was demonstrably sufficient to produce attention-related enhancements in cortical activations, particularly in lateral (nonprimary) auditory areas as suggested by previous studies [3] . Taken together, the behavioral and functional data verify that the present experimental design effectively manipulated allocation of auditory attention, but such allocation had minimal effects on inferior colliculus activations.
This study was successful at both imaging inferior colliculus activation and modulating attention between auditory and visual information; therefore, a parsimonious explanation of the lack of attention-related modulation in the colliculus is that intermodal attention effects are weak or absent. Other possibilities, however, must be considered. First, given the small size of the inferior colliculus, modulation of activity in only a subpopulation of collicular neurons might fail to produce detectable changes in the small set of associated functional voxels. However, previous studies have detected inferior colliculus modulation by subtle features of the acoustic stimuli [13] [14] [15] [16] . Moreover, attentional enhancements during visual attention have been reported in the superior colliculus [21] and lateral geniculate nucleus of the thalamus [22] , which are similar in size to the inferior colliculus. Thus, the size of the inferior colliculus alone seems an unlikely explanation. Second, the acoustic stimuli used in this study (relatively long broadband stimuli with amplitude modulation) were designed to elicit strong collicular responses. These may have produced ceiling-level activations even in visual attention conditions, leaving little dynamic range for further modulation by attention. Subsequent studies employing less-effective stimuli might test this possibility directly.
Conclusion
Although selective intermodal attention strongly modulates the activation of lateral (i.e. nonprimary) auditory areas, it has only equivocal influence on stimulus-dependent activations seen in medial (possibly primary) auditory cortex and had no systematic effect on activations in the inferior colliculus. These results contrast with studies of the visual system that show attentional modulation of processing in the primary visual cortex, thalamus, and tectum [21] [22] [23] [24] .
